In a first approximation, the Earth's interior has an isotropic structure with a spherical symmetry. Over the last decades the geophysical observations have revealed, at different spatial scales, the existence of several perturbations from this basic structure. In this paper we discuss the hemispheric perturbations induced to this basic structure if the inner core is displaced from the center of mass of the Earth. Using numerical simulations of the observed hemispheric asymmetry of the seismic waves traveling through the upper inner core, with faster arrival times and higher attenuation in the Eastern Hemisphere, we estimate that the present position of the inner core is shifted by tens of kilometers from the Earth's center eastward in the equatorial plane. If the only forces acting on the inner core were the gravitational forces, then its equilibrium position would be at the Earth's center and the estimated displacement would not be possible. We conjecture that, due to interactions with the flow and the magnetic field inside the outer core, the inner core is in a permanent chaotic motion.
I. INTRODUCTION
Situated at the Earth's center, surrounded by the fluid outer core (OC), the inner core (IC) is primarily composed of a solid iron and nickel alloy. For a long time after its discovery by Lehmann in 1936 [51] , it was modeled as an ideal mathematical object: a rotational ellipsoid with a smooth surface and a homogeneous and isotropic internal structure. But over the last decades the quality and the amount of geophysical observations have increased so that the IC image has become more complex and even contradictory [21, 81] . In this paper we show that many of the disputed issues and unresolved difficulties related to the IC can be simultaneously simplified or even solved by the hypothesis of an eastward displacement of the IC by tens of kilometers from the Earth's center in the equatorial plane.
If the fluid in the OC is at rest, then the equilibrium position of the IC at the Earth's center of mass is imposed by its gravitational interaction with the rest of the Earth. A permanent shift from this static equilibrium position is possible only if other forces act on the IC. In Sect. II A, using the recent results of numerical simulations of the geomagnetic dynamo [6] , we tentatively identify the perturbing forces with those describing the electromagnetic and hydrodynamic interactions of the IC with the asymmetric convective flow in the OC. Then in Sect. II B we propose the global forcing of a decentered IC as a source of the nonhydrostaticity of the Earth's shape. Finally, in Sect. II C we show that our hypothesis is supported by the long standing observational difficulties in measuring the effects of the translational oscillations of the IC * cvamos@ictp.acad.ro † suciu@math.fau.de about the static equilibrium position (the Slichter mode).
In conclusion, we conjecture that the IC participates and interacts with the turbulent convective flow in the OC being driven into a chaotic motion with time scales similar to those of the secular variations of the geomagnetic field near the equator.
In the next three sections we leave aside the dynamic considerations and using recent seismic observations we obtain an estimation of the present position of the IC. In Sect. III we resume the results presented in [89] where we analyzed the isotropic hemispheric asymmetry at the top of the IC (ATIC) of the travel times of the PKIKP seismic waves which propagate through the layer of 100 km thick below the inner core boundary (ICB). Using ray theory we numerically computed the PKIKP travel times for an eccentric position of the IC (Appendix B) and we showed that the displacement of the IC toward 110
• E in the equatorial plane by tens of kilometers from the Earth's center can explain both the values and the geographical distribution of the differential travel times of the PKiKP-PKIKP phases. By means of the same numerical model, in Sect. IV we show that the decentering of the IC also explains the hemispheric asymmetry of the attenuation within the same region of the IC. So both hemispheric seismic asymmetries at the top of the IC are simultaneously explained by geometrical considerations related to the displacement of the IC, without disturbing the symmetry of the internal structure of the IC.
The differential travel times used to analyze the ATIC are not affected by the large perturbations due mainly to mantle heterogeneity. In Sect. V we use the absolute travel times of the seismic waves reflected at the ICB under small angles and we document for the first time the likely existence of an hemispheric asymmetry which could be related to a decentered position of the IC. The result is not as rigorous as those obtained in the previous two sections because we do not eliminate the perturba-tions due to mantle heterogeneity, positioning errors of the earthquake epicenters, or misidentification of the precritical PKiKP phase.
An eccentric IC should influence many geophysical phenomena which can be used as additional means to substantiate our hypothesis. Section VI contains qualitative analyses of some of these geophysical phenomena: the anomalous layer above the ICB; the differential rotation of the IC with respect to the mantle; the large-scale anomalies of the geoid; the hemispherical pattern in the anisotropy level of the seismic waves velocity inside the IC.
The hypothesis of an IC displaced by 100 km from the Earth's center was formulated by Barta since the 1970's based on the distributions of the large-scale anomalies of the geoid [7] [8] [9] . Other two more qualitative justifications of this hypothesis were formulated in the same period and are briefly presented in Appendix A. The decentering of the IC has also recently been derived as a consequence of the theory of translational convection inside the IC [1, 2] , but the supposed displacement is of only 100 m, so that the IC remains in mechanical equilibrium (see Appendix A).
II. DYNAMICS OF A DECENTERED IC
The main obstacle to accept the possibility that the IC could be decentered by tens of kilometers is the identification of forces large enough to displace the IC from its static equilibrium position. In this section we explore some of the evidences supporting the existence of such forces and of their dynamical effects on the IC. The ability of the IC to be driven by the flow inside the OC has to be tested through direct numerical simulations.
A. Flow and geomagnetic field inside the OC
Mechanical and electromagnetic interactions between the IC and OC, together with the very presence of the IC, affect the geometry of the flow inside the fluid OC and the geomagnetic field. The decentering of the IC is an additional geometrical and mechanical forcing which influences the structure of the magnetic field. In the following we try to identify the features of the geomagnetic field which support the existence of such an asymmetric forcing inside the Earth. First we briefly present the basic structure of the geomagnetic field which can be explained by symmetric numerical geodynamo models.
The radial components of the geomagnetic field at the core-mantle boundary (CMB) can be computed from the magnetic field at Earth's surface assuming that no sources exist between the Earths surface and the CMB [64] . The imaginary cylinder coaxial with Earth's rotation axis and tangent to the IC at the equator, known as the tangent cylinder, separates two regions of the OC in which the fluid flow and the resulting magnetic field are quite different. The most prominent features in the maps of the vertical field at the CMB are the high intensity flux lobes under Arctic Canada, Siberia, and under the eastern and western edges of Antarctica [45] . These lobes give the predominantly dipole field structure observed at the surface which has remained approximately stationary over the past four centuries. The flow near the top of OC derived from the magnetic field at the CMB using a kinematic model also contains polar vortices [37] .
There are many numerical dynamo models which can explain the main properties of the geomagnetic field [16] . For example, numerical simulations generate weaker field inside the tangent cylinder, strong normal polarity flux lobes close to the tangent cylinder, and pairwise inverse field patches around the equator. An outstanding difficulty for standard models has been how to reproduce the westward drift of low-latitude magnetic flux patches at the CMB. At Earth's surface they correspond to field variations with timescales shorter than 400 years, between 20
• N and 20
• S with speed of approximately 17 km/yr westward [45] .
A simple geometrical reasoning shows that the IC could be the cause of this phenomenon. If the IC is displaced in the equatorial plane, then its mechanical and thermal forcing on the OC is concentrated between two planes parallel with the equator and tangent to the IC, i.e., within a spherical segment with the height equal with the IC diameter of 2442 km. This height differs only by a few percents from the width at the CMB of the westward-moving wave-like patterns equal to 2R OC sin 20
• = 2380 km, where R OC = 3480 km is the OC radius.
A more elaborate justification is provided by the first successful numerical simulation of the westward drift of the magnetic field, obtained by means of a heterogeneous thermodynamical boundary condition at both the ICB and CMB and a gravitational coupling of the IC with the mantle [6] . This dynamo model produces magnetic variations dominated by intense, westward-drifting, equatorial flux patches under the Atlantic hemisphere. The maximum of the magnetic power moving in the longitudinal direction is reached at the Equator, with a maximum speed of 14 km/yr, comparable to that observed of 17 km/yr.
The numerical simulated convection in the OC is dominated by the mass flux at the ICB modeled by a longitudinal hemispherical heterogeneity, maximal at the longitude of 90
• E. This asymmetric forcing could be caused by the displacement of the IC in the direction of the maximum mass flux. Because of the smaller distance between the ICB and the CMB, in this direction the temperature gradient should be larger and the mass flux should be increased. The gravitational coupling between the IC and the mantle could be a secondary effect of the displacement of the IC.
An important result obtained by this numerical simulation related to the IC dynamics is the strong large-scale asymmetry of the flow and of the magnetic field inside the OC. The rotational turbulent hydrodynamic flow in the OC can become asymmetric at planetary scale, firstly by interaction with the IC and secondly by the heterogeneous forcing at the CMB. The asymmetry of the flow and of the magnetic field at the CMB is also supported by the observation data [29, 38] . Such a complex flow could generate significant viscous and magnetic forces on the IC [3, 13, 14] and could maintain it in a permanent chaotic motion. These forces should increase when the nondimensional parameters characterizing the numerical simulations will further approach the real values for the deep Earth. The time scales characteristic to the IC motion have to be larger than several decades which is the time scale associated to the westward drift of the geomagnetic field.
The relation between the direction of the highest lightelement mass flux at the ICB and the offset of the magnetic dipole from the Earth's center [65] also supports our hypothesis of a decentered IC. The drastic change in the dipole position from the Western to the Eastern Hemisphere during the last 10000 years could be explained by a complete reversal of the direction of the faster IC growth, which in turn could result from intermittent IC rotation [65] . A simpler explanation might be the movement of the IC from the Western to Eastern Hemisphere, which reverses the direction of the maximum mass flux associated with the hemispheric asymmetry of the magnetic field [6] . This provides an upper limit of several thousands of years for the time scales of the IC motion. In addition, the intricate trajectory of the dipole is an indication that the motion of the IC is likely chaotic.
B. The variation of the Earth's rotation
The dynamic forcing of a decentered IC should be transmitted to the entire Earth. Here we briefly discuss its influence on the rotational motion of the Earth and on the nonhydrostaticity of the Earth's shape. Variations of the Earth rotation manifest as variations in direction of Earth's rotation axis as well as variations in the angular speed, i.e., variations in the length of day (LOD). Precession of an axis is the mean, smoothly varying part of the motion of the axis relative to the direction of fixed stars while nutation is the oscillatory part of this motion [23] . The motion of the instantaneous rotation axis with respect to the figure of the Earth is known as the Earth wobble.
The influence of the IC on the wobble and nutation of the Earth can be determined from a three-layer model of a deformable Earth [23] . The results of the numerical model are a set of optimized values for the Earth parameters derived from the "best fit" with observational data. We are first interested in the inference that the ellipticity of the core has to be about 5% higher than its value for the hydrostatic equilibrium Earth model [35] . The nonhydrostatic excess of the ellipticity corresponds to a difference of approximately 400 m between the equatorial and polar radii of the CMB.
This nonhydrostaticity has been attributed to the mantle convection [23] . Another cause could be that the IC displacement perturbs not only the OC, but also the mantle, mainly in the equatorial region. Our estimations indicate a displacement of the IC from the Earth's center in the equatorial plane of tens of kilometers (Sects. III, IV, and V). This is almost two orders of magnitude larger than the displacement deduced from mechanical and thermal equilibrium conditions [1] . Such a large difference implies a nonhydrostatic evolution of the IC and, implicitly, of the rest of the Earth.
Another phenomenon possibly influenced by the IC displacement is the Makowitz wobble, which is the motion of the pole with respect to the Earth's crust and mantle including a quasiperiodic component with a period of approximately 24 years superimposed on a linear drift [32] . The cause of the decadal-scale polar motion variations is currently unknown. It was found that the main excitation source of the variations cannot be the redistribution of mass within the atmosphere and oceans or the core-mantle coupling. The most probable source is the IC, but the suggestion that irregular motion of a tilted oblate IC may excite the Makowitz wobble was proved to be unlikely. An eccentric IC could have the additional independent parameters needed to explain this wobble.
The rotation period of the Earth is not uniform, but varies on time scales from days to millennia [32] . The tidal drag of the Moon and Sun on the rotating Earth produces a secular slowing down of the rotation. The angular momentum variations of the atmospheric and oceanic global circulation explain most of the observed LOD variation at yearly and subyearly timescales. In addition, there are variations over several decades related to the angular momentum in the core which are well modeled for the past century [44] . Prior to this period the results are poorer, especially because of a phase shift, but the general pattern is still remarkable. The supposed displacement of the IC would affect the global angular momentum of the Earth and could be an explanation of the phase shift. Then the dominant time scales of the IC movement could be at least several hundreds of years.
C. Translational oscillations of the IC
An equilibrium position of the IC at the Earth's center of mass is primarily determined by the gravitational field. The gravitational restoring force is proportional with the displacement of the IC from the Earth's center and with the density difference between the IC and the surrounding OC. A large earthquake or a large meteorite impact could initiate harmonic oscillations about this equilibrium position. If ω 0 is the angular frequency for oscillations parallel to the Earth's rotation axis, then the oscillations in the equatorial plane have two eigen-values ω 0 ± Ω, where Ω is the Earth's angular velocity. The three modes of translational oscillations are known as Slichter modes after the researcher who first predicted them [77] .
The frequencies of the Slichter modes are influenced by many factors: the stratification of the fluid in the OC, the elastic properties of the IC and OC, the viscosity of the fluid in the OC, the magnetic perturbations near the ICB, the mushy structure of the ICB, etc. [74] . Depending on the approximations used to model these factors, the theoretically computed periods vary from 4 to 8 h according to different authors. But this mode has never been clearly identified from observational data and it is still a subject of interest and debate. The Slichter mode was not observed even in the records obtained after the huge Sumatra-Andaman earthquake of December 2004 [63, 75] .
It is obvious that the inability to detect the Slichter mode could be due to the insufficient sensitivity of the currently available superconducting gravimeters. However, taking into account that all the other normal modes of the Earth have been identified from the seismic data, it is possible that the translational oscillations simply do not take place because the gravitational restoring force is not the only force acting on the IC. If, as we have conjectured in Sect. II A, the IC is in a chaotic motion correlated to the turbulent flow in OC, then the momentum transferred by an earthquake would not cause the oscillation of the IC, but it would determine only an additional displacement. Hence the difficulty to determine the Slichter mode could be an indication that the IC is not in an equilibrium position at the Earth's center.
III. RESIDUALS OF THE PKiKP-PKIKP DIFFERENTIAL TRAVEL TIME
In this section we begin to determine the present position of the IC using seismic data. One of the best documented seismic hemispheric asymmetry is the isotropic asymmetry at the top of the inner core (ATIC) characterized by an Eastern Hemisphere with faster arrival times of the P-waves and a Western Hemisphere with slower arrivals [15, 30, 61, 67, [94] [95] [96] . ATIC has been mainly documented by the residuals of the differential travel time of the PKIKP and PKiKP seismic phases [61, [92] [93] [94] [95] [96] . They both travel through almost the same regions of the crust, mantle, and OC. After that, the PKiKP phase reflects off the ICB, while the PKIKP phase refracts twice on ICB propagating inside the IC.
We denote by ∆t the observed differential travel time obtained by subtracting the travel time of the PKIKP phase from the travel time of the PKiKP phase with the same focus and exit point. It differs from the differential travel time ∆t 0 computed for a centered IC with the velocity profile given by a one-dimensional reference seismic model. The observational data show that the residuals ∆t − ∆t 0 are positive in the Eastern Hemisphere and negative in the Western Hemisphere [61, 92, [94] [95] [96] . An important constraint for the models proposed to explain this hemispheric dichotomy is the sharpness of the boundaries separating the regions with positive and negative residuals [92, 93] .
All existing explanations assume the center of the IC fixed at the center of the Earth and interpret the observed anomaly of the travel time residuals in terms of a longitudinal anomaly of the seismic wave velocity (e.g. [93] ). Greater (smaller) seismic wave velocity at the top of the IC in the Eastern (Western) Hemisphere, with respect to 1D reference models, are explained by a hemispheric variation of the material properties at the top of the IC [1, 18, 61, [92] [93] [94] [95] [96] . There are two competing approaches to explain such an IC velocity asymmetry. The first one assumes different cooling rates in the Eastern and Western Hemispheres due to thermochemical coupling with the mantle [3, 84, 85] , causing a faster solidification rate of the Eastern Hemisphere. Different textures of the IC material resulted from this process may explain the hemispherical pattern of the seismic velocity [17] . Alternatively, another approach proposes a self-sustained eastward translation of the IC as a result of crystallization in the Western Hemisphere and melting in the Eastern Hemisphere, followed by the west-east increase of the iron grain-size which could produce the velocity anomaly explaining the ATIC [1, 58] . Even whether these models explain the travel time anomaly, neither of them is fully consistent with the observed sharpness of the hemispheric boundaries [2, 93] .
Using the numerical simulation presented in Appendix B we show that the ATIC can be explained by the displacement of the IC in the equatorial plane toward east by tens of kilometers from the Earth's center, without modifying the spherical symmetry in the upper IC. We denote by PKIKP dec and PKiKP dec the paths modified by the decentered IC. Unlike the paths for the centered IC, their propagation plane changes at reflection or refraction on ICB. Only when the seismic ray propagates in a plane containing both the center of the IC and of the Earth, the propagation plane does not change. A clear east-west asymmetry is obvious in Fig. 1 for such seismic rays having the same initial incidence angle, i.e., being identical until the incidence with the ICB.
From the differential times computed in Appendix B we determine the residuals shown in Fig. 2 for the seismic rays in the Eastern Hemisphere plotted in Fig. 1 . They are quantitatively comparable with those observed [61, 92, [94] [95] [96] showing that displacements of the IC over distances up to 100 km can explain the travel time anomaly. With the increase of the turning point depth (epicentral distance) the positive residuals in the Eastern Hemisphere increase because the length of the path inside the IC increases (Fig. 9a) .
In order to ascertain if a decentered IC can explain ATIC, we compare the longitudinal repartition of the residuals obtained by numerical simulations with those reported in [92, extensive and accurate PKiKP-PKIKP studies to date. For a given position of the IC, we compute the residuals for earthquakes evenly distributed on the Earth's surface and seismic rays uniformly distributed around the focus (see Appendix B). For each seismic ray we choose the incidence angle so that the corresponding turning point is at 39 km below ICB, the minimum depth below ICB of the available observational data (see [92, Fig. 3a] ). Figure 3 shows the longitudinal distribution of the residuals when the IC is displaced by 100 km toward 90
• E longitude. If the displacement is in the equatorial plane, then the positive residuals are confined within the Eastern Hemisphere and the negative ones within the Western Hemisphere (Fig. 3a) . If the IC is displaced outside the equatorial plane, the separation of the positive and negative residuals is not so definite (Fig. 3b ). In the observational data, the positive and negative residuals are sharply separated [92, 93] indicating that the displacement of the IC is in the equatorial plane (Fig. 3a) .
The observed boundary between the positive and negative residuals is shifted toward east by approximately 20
• with respect to the boundary between the Eastern and Western Hemispheres. The numerically simulated boundary rotates with the angle equal with the difference between the longitude of the IC center and the 90
• E longitude. All these indicate a displacement of the IC by tens of kilometers in equatorial plane toward 110
• E longitude.
The theoretical residuals generated by a decentred IC have a cylindrical symmetry about the direction of the IC displacement. This distribution is consistent with the eyeball-shaped positive anomaly at low-and mid-latitude of the compressional velocity derived for a centered IC model from seismical observations [87] . The anomaly is centered on 90
• E longitude on the equator, i.e., very close to the direction of the IC displacement estimated above. The theoretical distribution of the residuals also agrees with the lack of the hemispheric asymmetry at the south pole of the IC [62] .
When the results of the numerical simulations are compared with observational data we have to take into account the simplifying hypotheses of the numerical simulation as well as the observational errors. For instance, we have used the velocities of the ak135 model obtained under the hypothesis that the IC is centered. But the observational differential travel times PKiKP-PKIKP are spread around the mean values of the ak135 model by about 0.5 s [49] , which is comparable with the values associated with ATIC [92] . That is why the exact longitude separating the positive and negative observed residuals and its variation with the turning point depth of the seismic rays cannot be determined precisely. The observation data suggest an eastward shift of the hemisphere boundary with increasing depth [92] , while our numerical simulations have shown that it does not vary with the depth. 
IV. HEMISPHERIC ASYMMETRY OF THE ATTENUATION IN THE UPPER IC
There are other seismic phenomena with east-west asymmetry, although without a complete observational description of their longitudinal variation, which may be explained by a decentered IC. For instance, ATIC is associated to a hemispheric asymmetry of the seismic waves attenuation [15, 40, 53, 66, 81, 94, 96] which seems to be confined to the uppermost IC [53, 81] . Existing explanations of the attenuation asymmetry require a trade-off between attenuation and velocity structures in the IC and velocity structure at the bottom of OC [94, 96] . Explanations of the hemispheric asymmetric attenuation are currently based on the specific texture of the uppermost IC [17] or on the assumption that a mushy zone exists at ICB [15] .
If the IC is decentered, the PKIKP dec phase propagates in the Eastern Hemisphere over a longer distance inside the IC (segment CD in Fig. 9a ) than in the Western Hemisphere. Since the quality factor Q is two orders of magnitude larger in the OC than in the IC [49] , the attenuation Q −1 in the Eastern Hemisphere is larger than in the Western Hemisphere. Hence the different lengths of the PKIKP dec paths in Eastern and Western Hemispheres of the decentered IC explain not only the hemispherical asymmetry travel time residuals (Sect. III), but also the hemispheric asymmetry of the attenuation.
The quality factor Q at the top of the IC is determined by
where A I and A i are the amplitudes of the PKIKP and PKiKP phases at the common emerging point, f is the frequency and t is the travel time of PKIKP phase inside the IC [15] . The quantities A I , A i , and t are derived from measurements and the above relation is used to compute the quality factor Q. The seismical observations show that the ratio A I /A i depends not only on the epicentral distance ∆, but also on the geographic location. If one considers that the IC is centered, then the travel time inside the IC depends only on the epicentral distance t cen (∆). In this case, the geographical variations of A I /A i are possible only if the material properties vary inside the IC and the quality factor depends, besides the epicentral distance, also on the longitude and latitude of the turning point H, Q cen (∆; λ H , φ H ). The quality factor Q cen computed for a centered IC takes larger values in the Western Hemisphere than in the Eastern Hemisphere, the difference being larger at smaller epicentral distances [15, Fig. 5b] .
In the following, we show how a displacement over 100 km of the IC in the equatorial plane can explain the seismical observations, without the need to modify the quality factor inside the IC. Using the numerical model presented in Appendix B, we compute the travel time of the PKIKP phase in a decentered IC, t dec (∆; λ H , φ H ), which is a function of the longitude and latitude of the turning point H. We describe the attenuation at the top of the IC by means of a constant quality factor Q = 247 [15] . Then the two models of attenuation are related by the relation
If our hypothesis is correct, then the quantity Q cen computed from this formula should be identical with that derived directly from observational data. We have computed the mean and the standard deviation of Q cen over all possible geographical positions (angles λ H and φ H ), separately for east longitudes (λ H > 0) and west longitudes (λ H < 0). The numerical results presented in Fig. 4 show a good resemblance with the observational results (see [15, Fig. 5b]) . The distance between the two branches of the graph decreases when the epicentral distance increases in the same way as for the observed data, although they do not intersect at epicentral distances greater than 140
• . Also the observed differences for epicentral distances smaller than 140
• are several times greater than those numerically computed.
V. HEMISPHERIC ASYMMETRY OF THE
PRECRITICAL PKiKP TRAVEL TIME
A displacement of the IC should give rise to other hemispheric asymmetries of the seismic phases propagating through the IC. Unfortunately, due to the inhomogeneities of the Earth's interior, the absolute travel times for such seismic rays reaching the ICB are difficult to be determined and then the geographical repartition of the characteristics of the seismic waves is highly uncertain.
The largest changes of the arrival times induced by the position of the ICB occur for the seismic rays reflected under small angles (near-normal PKiKP phase). Identification of such perturbations in seismic observations encounters two major difficulties.
First, in accordance with recent studies, the surface of the ICB has a rough topography [50] with height variations larger than 10 km which produce local fluctuations of several seconds of the near-normal PKiKP travel times [20] . Thus a displacement of the entire IC over a distance of the same order of magnitude is hidden by the local fluctuations and a large enough sample of data is needed to assure a significant statistical analysis. The second problem is related to the difficulty to identify the near-normal PKiKP phase from seismic observations [50, 76] . If the IC is decentered, then the identification is even harder because the arrival times can become quite different from those computed by a reference Earth model with spherical symmetry, which are used in phase identification procedures [28, 69, 76] . For instance, a 10 km displacement of the IC, which is comparable to the height of the ICB irregularities, causes a variation up to 2 s of the arrival times of the near-normal PKiKP waves. Therefore we expect that the near-normal PKiKP rays with the largest residuals are most probably misidentified.
Rather than relying on particular events with well identified and analyzed PKiKP phases, as for instance in [46, 47, 50, 71] , we consider global data and follow a statistical approach. We use validated ISC data [39] to assemble a large enough sample which allows us to draw significant statistical conclusions. We downloaded information for all phases identified by ISC as PKiKP, irrespective of how they were initially reported. While before 2006 the reported PKiKP phases were generally not confirmed by the ISC analysts, since 2006 they identified the PKiKP phase and computed arrival times residuals with respect to the ak135 velocity model (D. A. Storchak, private communication, 2013). For our purpose, we select data with ∆ < 90
• , which cover the whole range of precritical PKiKP and most of the transparent zone [47, 50] .
From the validated data set 2006-2010 we have obtained a sample of 2042 residuals of the precritical PKiKP phase, plotted in Fig. 5 as function of the longitude of the bouncing points on the ICB. The residuals show large fluctuations similar to those reported in other recent studies on PKiKP phase [20, 50] . They have a negative mean of -0.745 s, with a standard deviation of 1.446 s and a standard error of the mean of 0.032 s (estimated by standard deviation divided by the square root of number of observations), in agreement with previous results obtained from smaller data sets [50] . Removal of the outliers from the data sample has insignificant influence on the statistical results derived in the following.
The sample of 2042 residuals contains 1669 observations with the bouncing point in the Eastern Hemisphere and only 373 observations in the Western Hemisphere. In the Eastern Hemisphere the mean of the residuals is We assume that the maximum hemispheric asymmetry lies in the equatorial plane, as we already found in the previous sections. We search for a partition of the Earth into two disjoint hemispheres which yields the maximum difference of the hemispheric averages of the precritical PKiKP residuals. We denote by λ E ∈ [0 • , 180 • ] the eastern longitude of the middle of the hemisphere H E containing the greater part of the geographic Eastern Hemisphere. (We adopt the usual convention that eastern longitudes are positive, while western ones are negative.) Hence, the hemisphere H E is defined by the longitudes λ ∈ [λ E − 90
We denote by H W the complement of H E containing mostly western longitudes centered on the longitude λ W = λ E − 180
• < 0. Figure 6 shows the mean residuals and the standard errors of the mean for PKiKP rays with bouncing points in the two hemispheres as a function of λ E . For 70
• ≤ λ E ≤ 170
• the mean residuals in the H E hemisphere are smaller than in the H W hemisphere by a quantity several times larger than the standard errors of the mean. The largest difference, equal to 0.55 s, is obtained for λ E = 140
• . For a wave velocity of about 10 km/s, this difference corresponds to a mean difference of 5.5 km between the paths of the PKiKP rays in the two hemispheres. Hence, the H E hemisphere of the ICB cen- tered on λ E = 140
• is on average closer by 2.7 km to the Earth's surface than the corresponding H W hemisphere.
In Fig. 6 our attention is drawn by the sudden reversal of the sign of the mean residuals when passing from λ E = 60
• to λ E = 70
• . The jump occurs when the plane separating the two hemispheres rotates by 10
• and the residuals with bouncing point longitude between 150
• E and 160
• E move from the H W hemisphere to the H E hemisphere. There are 589 such observations, i.e., 29% from the total number of observations (see Fig. 5 ). The sign reversal shows that these data are responsible for two thirds of the maximum difference of the mean residual obtained for λ E = 140
• . The remaining one third is due to the other residuals in the H E hemisphere.
In order to confirm the existence of this new hemispherical seismic asymmetry, additional work is needed. The influence of the site effects, the near source hetero-geneity, and the long wavelength mantle heterogeneities should be computed and subtracted for each travel time. Also the PKiKP phases reported by ISC should be individually verified and validated. However, all these perturbing effects are likely uncorrelated with the seismic events and they might have been significantly reduced by the statistical processing of the 2042 observations. If confirmed, this asymmetry is an indication that the value of 2.7 km should be an inferior limit for the IC displacement.
VI. OTHER GEOPHYSICAL IMPLICATIONS OF A DECENTERED IC
There are many geophysical phenomena containing qualitative and quantitative information regarding the position and the motion of the IC which could support the hypothesis of a decentered IC. For example, the bifurcation of the PKP phases occurring at smaller epicentral distance in the Eastern than in the Western Hemisphere [95, 96] . Also, the observation that travel time residuals of the PKiKP with respect to the PKPB diff phase, diffracted through the middle of the OC, are smaller by about 0.9 s in the Eastern Hemisphere than in the Western Hemisphere [95] is consistent with the PKiKP travel time hemispheric asymmetry presented in Sect. V and can be explained as well by the eccentric position of the IC.
Many of these geophysical phenomena with different types of asymmetries are related to the structure and evolution of the geomagnetic field. Among them the hemispheric asymmetry of the magnetic field [38] which is responsible for a more intense radial field at the longitude of about 150
• E [29] , the same as the current longitude of the eccentric dipole [65] and close to that of the hypothesized IC displacement. Movements of the IC in the equatorial plane could also be related to the gravity variations induced by core flows [25] and the correlations between magnetic and gravity anomalies at low and middle latitudes recently reported by Mandea et al. [56] .
In the following we discuss in more detail four such geophysical phenomena and we show that the hypothesis of a decentered IC could contribute to their explanation.
A. The anomalous layer at the bottom of the OC
At the bottom of the OC seismological data reveal an anomaly consisting of PKPbc-PKIKP residuals smaller than predicted by reference one-dimensional models [95] . This anomaly has been interpreted as a layer of low velocity gradient in the lowermost 150-200 km of the OC [81, 95] , which could delay the PKIKP travel time and produce smaller PKPbc-PKIKP residuals [95] . The favored explanation of this anomaly is the existence of a stably stratified region resulting from a dynamic equilibrium between the production of iron reach melt and mixing with light fluid [21, 81] . Melting may occur through the formation of a positive topography at the ICB by translational IC convection [1, 58] , provided that the OC convection supplies the necessary latent heat, or by OC convection itself, when the temperature in the surrounding OC fluid is locally larger than at the ICB [34] . However, both mechanisms suffer of limitations and there is no definitive proof that they are self-sustaining [21] .
The hypothesis of an eccentric IC could contribute to more appropriate explanation of this anomalous layer from a new perspective. The IC displacement over approximately 100 km should produce noticeable effects at the bottom of the OC. If r c is the radius of the IC, then the distances from the Earth's center to the ICB vary between r c − 100 and r c + 100. Hence the observed anomalous layer contains this spherical shell with an inhomogeneous material structure which should be taken into account to explain the seismical data. For example, the observed PKPbc-PKIKP and PKiKP-PKIKP differential travel time anomalies, which can be simultaneously explained by different radial velocity gradients at the bottom of the OC in the two hemispheres [95, 96] , could be related to the different lengths of the PKIKP path inside a decentered IC.
There may be other seismic observations related to this region of the OC. For instance, if the IC is decentered, while the seismic model assumes that it is centered, then the interpretation of the seismic observations would have larger errors in the spherical layer of 200 km containing the ICB than in other regions of the OC. Indeed, the reference one-dimensional seismic models are different from each other over a thickness of roughly 200 km above ICB [81, 95, 96] .
B. Differential rotation of the IC and the hemispheric seismic asymmetry
The flow in the fluid OC and the angular momentum conservation induce changes in the angular velocity and rotation axis of the IC [3, 27, 83] . The differential rotation of the IC, first predicted from theoretical considerations [33] , was obtained by geodynamo numerical simulations in the mid-nineties [31] . But the differential rotation of the IC is hardly compatible with the current explanations of the hemispheric dichotomy (see Sects. III and IV). If the ATIC and the observed hemispheric attenuation anomaly are explained by solidification texturing controlled by the mantle [3] , a differential rotation faster than a full revolution in a few hundreds of millions of years would erase any longitudinal signature in the texturing [21, 26] .
In order to avoid this contradiction, the recent dynamo models adjust the viscous, magnetic, or gravitational torques such that the present day mean rotation rate appears as a temporal fluctuation superposed over a very slow steady super rotation of a few degrees per million years [5, 26] or even without offset of steady super rotation over long timescales [27] . However, this is yet not a satisfactory solution, since the longitudinal variations of the solidification rates interacting with mantle heterogeneities can result in a gravitationally driven differential rotation of the IC in the westward direction [26] , opposite to that of the rotation suggested by seismic observations, which could be too fast to preserve longitudinal differences in texturing [21] .
Another tentative explanation for ATIC and the attenuation anomaly is a convective west-east translation of the IC [1, 58] , with minimal influence of the mantle on the core dynamics [21, 88] (see Appendix A). This theory considers that the IC is shifted by 100 m from the Earth's center. But then, the viscous momentum due to the OC flow near the asymmetric ICB should modify the rate and the axis of the differential rotation, hindering the onset of the internally driven convective translation. An additional difficulty of this approach is the fact that flows derived from geomagnetic observations and dynamo simulations reproducing patterns of geomagnetic secular variation predict opposite IC translations from east to west [4, 6] .
The decentered IC hypothesis avoids these contradictions because both the ATIC and the hemispheric asymmetry of the attenuation are explained by the displacement of the IC, without any constrains on its internal structure (Sects. III and IV). Then the IC can rotate with respect to the mantle with any angular velocity around any axis. Therefore our hypothesis does not rule out any of the different existing estimations of the angular velocity of the differential rotation which are listed below.
Early geodynamo predictions of a super-rotation of the IC by 2 − 3
• per year induced by magnetic and viscous torques exerted by the eastward zonal flow near the IC [31] were found in reasonable agreement with seismic data. Travel time anomalies of the PKIKP phase indicated a differential rotation rate of ∼ 3
• /yr [83] while travel time residuals of the PKIKP rays with respect to seismic rays turning at the base of the OC (PKPbc) indicated a rate of ∼ 1
• /yr [79] . Subsequent studies, using earthquake doublets, normal modes, and refined methods favor much smaller rotation rates between 0.0
• /yr and 0.3
• /yr or even a retrograde, westward, rotation [81] .
Observations of temporal trends of PKPbc-PKIKP residuals, similar to previous studies [79] but using earthquakes produced in four different source regions, were found to be consistent with both eastward and westward differential IC rotation in different regions, suggesting that differential IC rotations of tenths of degrees per year are incompatible with global data [57] . On the other hand, an inverse analysis of doublets observed at College station over more than forty years [88] found an average differential rotation of 0.25 − 0.48
• /yr and decadal fluctuations of the order of 1
• /yr. These results are consistent with the observed decadal changes in the length of the day [88] , which in turn indicate the presence of zonal flows in the fluid core, as required by the currently accepted mechanism of the IC differential rotation [21, 31] , as well as with decadal changes in the magnetic field which may be responsible for the observed fluctuations in the IC rotation [54] .
C. Large-scale anomalies of the geoid A displacement of the IC over tens of kilometers should produce a measurable effect on the gravitational field at the Earth's surface. A simple calculation shows that for an IC displacement of 1 km, the surface of the geoid (the gravity equipotential that coincides with sea level) changes by 1 m. The largest negative geoid anomaly has -103 m and lies south of India while the largest positive one has 80 m and occurs near New Guinea. Hence the magnitude of the observed anomalies corresponds to a displacement of about 100 km, but their distribution has no explicit correlation with the theoretical gravitational field of a displaced IC. At first sight, the observed anomalies lack the necessary rotational symmetry around the displacement direction of the IC determined in the previous sections.
However, Barta [7] showed that the geoid anomalies can be well approximated at large-scale by a superposition of two global anomalies with cylindrical symmetries around axis directed toward the centers of the two greatest geoid anomalies
where P i are the Legendre polynomials of order i. The angles θ 1 and θ 2 are the angles between the radius with the geographical coordinates (θ, φ) and the axis pointing to the directions of 58
• E and 156.5
• E in the equatorial plane, respectively. In this way, instead of several anomalies, we have to explain only two global anomalies which already have the necessary cylindrical symmetry. Barta ascribed Σ 2 to an eastward shift of the IC over 100 km [9] . But the gravitational anomaly generated by the shifted IC alone is dominated by the term containing P 1 (θ 1 ) = cosθ 1 which is absent in the formula for Σ 2 .
The explanation of the geoid anomalies Σ 1 and Σ 2 could be obtained by the mechanism of the dynamic topography. This is the usual method to derive the longest wavelength components of the residual geoid [36] . The seismically-inferred density contrasts in the lower mantle are negatively correlated with the observed geoid. Therefore one needs a counteracting effect, called dynamic topography: the thermally driven convective flow in the mantle induces deformations of Earth's surface and of the CMB which count as negative masses [68] . The strength of such a mechanism generating large-scale density variations inside the OC is however disputed [11] .
Theoretical estimations indicate that dynamical forces originating inside the OC cannot support any appreciable internal structure [82] . But this is not true if there exists a non-hydrostatic forcing due to gravitational interactions with the exterior mass distributions or to boundary effects [91] . As we pointed out in Sect. II B, such a nonhydrostatic forcing could be generated by the decentered IC. The results of seismological investigations are contradictory. Some studies exclude any large-scale aspherical structure inside the OC [10, 43, 52, 80] , while others have found significant cylindrical structures related to the tangent cylinder (see Sect. II A) [72, 73] or non-homogeneous structures inside the OC [19, 70, 78] .
Hence, the eastward displacement of the IC could cause a temperature increase in the Eastern Hemisphere and implicitly a density decrease. In addition, it could induce large-scale inhomogeneities in the mantle structure and variations of the CMB depth. These hemispheric asymmetries could compensate the IC displacement explaining the absence of the term P 1 (θ 1 ) in Σ 2 . This interpretation is in accordance with Bowin's estimation that the second order term, which dominates the expression of Σ 2 , has the origin at depths of 6000 km, i.e., inside the IC [11, Fig. 8]) . The third degree term, dominating the expression of Σ 1 , originates at 3000 km depth, in the neighborhood of CMB. In this way the large-scale anomalies of the geoid are explained by two global density anomalies, one determined by an eccentric IC, the other related to the topography of the CMB and corresponding to the boundary conditions used in the numerical simulation of the geodynamo [6] , discussed in Sect II A.
D. Hemispherical asymmetry of the IC anisotropy
The elastic anisotropy of the IC is characterized by Pwaves travel times about 3% faster in the polar direction than parallel to the equatorial plane. According to many seismic studies, the first 150 km beneath the ICB have low levels of anisotropy (smaller than 1%) and the uppermost 50-90 km form an isotropic layer [41, 81] (see Sect. III). Anisotropy has been clearly documented only at depths of several hundreds of kilometers [41, 60, 81] . While the anisotropy in the innermost IC presented no significant longitudinal dependence [42, 60] , hemispherical patterns were observed at depths above 600-700 km, with an anisotropic Western Hemisphere and a nearly isotropic eastern one [24] , with anisotropy levels of 4.4% and 1%, respectively [41] . Recently, based on an extensive data set of PKIKP travel times, Lythgoe et al. conclude that there is no clear evidence of an innermost IC and the hemispherical variation of the anisotropy extends through the entire IC [55] .
There exist several theories regarding the generation of the IC anisotropy with hemispherical variations [86] . If it results from hemispheric variations in the IC growth, then a mechanism is needed to produce different solidification rates and crystalline structures inside the IC. This mechanism could be controlled by interactions of the IC with the rest of the Earth, for instance, by the OC flow caused by thermal inhomogeneities in the mantle [86] . To ensure a constant influence on the IC growth through such mechanisms, the IC should be locked to the mantle for at least 200 million years [41] , at variance with the currently accepted theories on differential rotation (see Sect. VI B).
The hemispherical asymmetry in anisotropy of the IC is the mostly used explanation for the complexity of the seismological observations, but not the only one available. For example, Romanowicz and Bréger showed that anomalous splitting of most of the normal modes sensitive to the interior structure of the IC, excepting a single one, can be explained either by considering an asymmetric IC anisotropy or an inhomogeneous OC structure [72] . Indeed, polar regions of the OC with seismic velocities larger than the velocities near the equatorial plane generate an anisotropy of PKIKP travel times similar to that generated by an anisotropic structure of the IC. Such an inhomogeneous OC is consistent with the simulated flow inside the OC (Sect. II A), which has different characteristics outside the tangent cylinder and near the rotation axis, as well as with the density inhomogeneities in the OC discussed in Sect. VI C. Hence a decentred IC could be a part of a complete explanation of the hemispherical asymmetry of the IC anisotropy.
VII. CONCLUSIONS
An IC displaced by tens of kilometers from the Earth's center should influence many mechanical, thermal, and magnetic phenomena in the Earth's interior. In this paper we have analyzed several of them:
• secular westward drift of the geomagnetic field at low latitudes (Sect. II A);
• global asymmetries of the flow and magnetic field inside the OC (Sect. II A);
• nonhydrostatic shape of the Earth (Sect. II B);
• Markowitz wobble of the Earth's pole (Sect. II B);
• decadal variations of the length of day (Sect. II B);
• translational oscillations of the IC (Slichter mode) (Sect. II C);
• isotropic hemispheric asymmetry of the travel times at the top of the IC (Sect. III);
• hemispheric asymmetry of the attenuation at the top of the IC (Sect. IV);
• hemispheric asymmetry of the precritical PKiKP travel times (Sect. V);
• anomalous layer at the bottom of the OC (Sect. VI A);
• differential rotation of the IC (Sect. VI B);
• large-scale anomalies of the geoid (Sect. VI C);
• density heterogeneities inside the OC (Sect. VI C);
• anisotropy of the IC (Sect. VI D).
We have approached most of the above issues qualitatively and explained two of them (ATIC and the attenuation asymmetry) through rigorous numerical simulations of differential travel times sampling the top of the IC. In conclusion, we estimate that the displacement of the IC could be larger than 3 km and smaller than 100 km, most likely equal to several tens of kilometers. The estimated direction of the displacement varies between 110
• E. The time scale of the translational motion of the IC could be larger than several hundreds of years. The resulting picture is that of a perturbation generated by the decentered IC which enhances the nonequilibrium and the nonhydrostaticity of the well-established basic structure of the Earth. We consider that more flexible dynamical models of the Earth's interior could be obtained by simply letting the IC to participate in the movement of the OC.
It is tempting to adopt such a simple solution for a wide variety of disputed geophysical problems. But for each individual phenomenon there are many other perturbations making it difficult to obtain a clear separation of the effects of a decentered IC. Nevertheless, we believe that the numerous implications discussed in this article are convincing enough and that this hypothesis deserves further exploration. The hypothesis of an eccentric IC with respect to the mass center of the Earth has been launched for the first time in 1970s. At that time the seismical observations were not providing enough information on the Earth's structure near the ICB. Therefore indirect observations regarding the gravity and geomagnetic fields or the distribution of the crust inhomogeneities were used.
Barta interpreted the displacement of the dipole of the geomagnetic field toward Australia as an indication for an eccentric IC [7] [8] [9] . Assuming that the density of the OC is larger in the displacement direction, he found that the distance between the IC and the Earth's rotation axis is of the order of 100 km. He discussed the implications of such a configuration on the magnetic secular variation, on the connection between the magnetic and gravity fields, and on the deviation of the geoid figure from the hydrostatic equilibrium.
From paleomagnetic data, Zidarov reached the conclusion that "the optimal magnetic dipole was located away from the Earth's center during the geological past" and, in consequence, "the core itself was located in the geological past away from the Earth's center, toward the middle of the Pacific Ocean and gradually shifted toward its center" [97] . Using the difference between the equatorial moments of inertia of the Earth, he computed a displacement of the IC of 35 km. He also discussed several other effects of an eccentric IC on the piriform shape of the Earth, the opening rate of the oceans, the geographic pole wandering, the contemporary geotectonic activity, and the continental drift.
Vesanen and Teisseyre analyzed the deviations from symmetry of the earthquake zones and interpreted them as an indication for the existence of some deep asymmetry inside the Earth [90] . They also applied Barta and Zidarov's approaches to assess the influence of an eccentric IC on the pattern of convection cells in the Earth's interior.
A recently proposed mechanism which explains the hemispheric ATIC (see Sect. III) assumes an eastward translation of the IC as a result of crystallization in the Western Hemisphere and melting in the Eastern Hemisphere in a superadiabatic regime [1, 2, 58, 59] . In this process, the IC center of mass is shifted toward its colder and denser Western Hemisphere [58] . In an attempt to restore the mechanical equilibrium, the IC as a whole will then be shifted toward east. The eastward shift of the IC was estimated at about 100 m in the equatorial plane [1] . This shift produces a positive topography on the Eastern Hemisphere of the ICB which melts by exchange of latent heat with the OC fluid and, at the same time, forces crystallization on the western IC hemisphere. A continuous translation mechanism could result from the interaction of superadiabaticity, gravitational equilibrium, and latent heat exchange with the OC [2] . The increase of the iron grain-size during the west-east convective translation of the IC could explain the observed hemispheric asymmetry of travel times and attenuation.
Currently accepted parameters of the Earth's interior (e.g. viscosity, IC age) impose constraints on the onset of this mechanism [21] and it is currently difficult to reach firm conclusions on the possibility of convection in the actual IC [22] . Nevertheless, it is possible that conditions for convection were met at early stages generating the seismical asymmetry and anisotropy observed in the deeper parts of the IC [12, 17] . In addition, the results of recent geodynamo modeling of the geomagnetic secular variation are rather consistent with a translation of the IC in the opposite, east-west direction [4, 6] . Another difficulty encountered by the proposed continuous convection mechanism is the assumption that the IC is in mechanical equilibrium with the surrounding fluid OC. The interaction of the flow at the bottom of the OC with the positive topography of the ICB would induce a supplementary rotation of the IC, at variance with the static equilibrium and the fixed direction of the convective translation predicted by the theory.
Appendix B: Numerical model
Since we focus only on the effect of a decentered inner core on the propagation of the seismic rays, we consider a numerical model as simple as possible so that other perturbing effects are disregarded. Therefore, we keep most of the spherical symmetry of the Earth's structure, even in case of a displaced inner core. The surfaces of the Earth and of the inner core are spheres and the velocity profile inside them is that of the one-dimensional model ak135 [49] . Outside the decentered inner core, the model ak135 is linearly extrapolated to the points of the outer core situated at distances from the Earth's center smaller than the inner core radius. In this way we alter as little as possible the model with spherical symmetry of the Earth's interior, maintaining the symmetry separately for the inner core and the rest of the Earth.
The inner core interior and the rest of the Earth are divided into spherical layers with constant velocity of maximum 1 km thickness. The reference levels of the ak135 model are all included among the boundaries of spherical layers. Therefore the numerical seismic rays are made of straight segments satisfying the refraction and reflection laws at the boundaries of the spherical layers. The propagation plane of the seismic ray changes only at the incidence with the inner core boundary, which separates the two volumes with spherical symmetry into the interior and exterior of the inner core. The numerical errors of the travel time for a centered inner core obtained with this numerical algorithm with respect to the values given in seismological tables [48] are of the order of 0.01 s, i.e., one order of magnitude smaller than the residuals characterizing the ATIC (Sect. III).
In order to construct the seismic ray we have to specify the position of the earthquake focus and the initial propagation direction of the ray. We first fix the latitude φ C and the longitude λ C of the point C defined by the intersection with the Earth's surface of the straight line through the center O of the Earth and the center O C of the displaced inner core intersects the Earth's surface (Fig. 7) . To avoid an intricate three-dimensional graphical representation we use a double projection: first a central projection on the Earth's surface from its center O and then an orthogonal projection on the meridian plane containing the axis OC defined by the displacement of the inner core.
The epicenter E is the projection of the earthquake focus on the Earth's surface and E C in Fig. 7 is the projection of E on the meridian plane. The position of the epicenter E in the plane OEC is given by the angle δ E between the radii OE and OC. The angle between the OEC plane and the meridian plane NCS is denoted by γ E . The propagation of the seismic ray has a cylindrical symmetry with respect to the OC axis, its shape being independent of the angle γ E .
Because of the spherical symmetry of the Earth's interior above the inner core boundary, the seismic ray keeps its propagation plane until it reaches the inner core boundary at the point R ′ . The propagation plane changes under reflection and refraction at the inner core boundary. The PKIKP dec phase propagates through the displaced inner core with spherically symmetric internal structure in the plane OR ′ R ′′ where R ′′ is the exit point on the inner core boundary. After the second refraction on the inner core boundary, outside the inner core it propagates in the plane OMR ′′ , where M is the exit point on the Earth's surface. The PKiKP dec seismic ray changes its propagation plane once, at reflection on the inner core boundary at the point R ′ .
In Fig. 7 the double projection E C R ′ C R ′′ C M C of PKIKP dec seismic ray is composed by three parts separated by the deflection points where the seismic ray is refracted by the inner core boundary. The initial propagation plane OER ′ of the seismic ray is specified by the angle α with the plane OEC. The initial direction of propagation in this plane is given by the incidence angle between the ray and the normal to the Earth's surface in E (not shown in the figure).
A special situation occurs when the seismic ray propagates in the OEC plane (α = 0 or α = π). Then, the normal to the inner core boundary at R ′ belongs to the propagation plane, which does not change by reflection or refraction at the inner core boundary. The seismic rays for the same initial incident angle clearly exhibit an east-west asymmetry, as shown in Fig. 1 for an eastward displacement of the inner core in the equatorial plane (λ C = π/2 and φ C = 0) and for epicenter at the North Pole (δ E = π/2).
When the inner core is decentered, the epicentral distance and the travel time of the PKIKP dec and PKiKP dec phases depend on the initial propagation plane of the seismic ray and on the location of the earthquake focus. First we analyze the simple situation presented in Fig. 1 when the seismic ray is contained in the plane OCE and the inner core is shifted by 100 km toward 90
• E (λ C = π/2 and φ C = 0). For a focus depth of 200 km, we have generated seismic rays with epicentral distance in the same interval as that investigated in [92, 93] . The corresponding seismic diagram is presented in Fig. 8 . We have chosen the PKIKP rays propagating in the region toward which the inner core is shifted (α = 0), so that their path into the inner core is longer than for a centered inner core. The diagrams for both PKIKP dec and PKiKP dec phases are shifted toward smaller travel times with a different amount, so that the distance between diagrams changes and the residuals ∆t dec − ∆t 0 are non-vanishing.
To explain the changes in seismic diagrams caused by the displacement of the inner core, we plot in Fig. 9 the paths in the neighborhood of the inner core boundary of the seismic rays which emerge at the same point on the Earth's surface at ∆ = 140
• . Because of the shifted position of the inner core, the total lengths, from the focus to the common exit point, of the PKIKP dec and PKiKP dec rays are smaller than those for a centered inner core (dashed lines) with approximately the same amount. These shorter paths explain the smaller travel times of the seismic phases for a decentered inner core, but not the non-vanishing residuals ∆t dec − ∆t 0 .
There is another geometric effect which modifies the differential travel time ∆t dec . The segment CD of the seismic ray within the decentered inner core is longer than the segment AB for the centered inner core (Fig. 9a) . Because the velocity in the inner core is larger than in the outer core, the travel time of the PKIKP dec phase has an additional decrease, the differential travel time ∆t dec increases, and the residual ∆t dec − ∆t 0 becomes positive. In the diametrically opposite region of the inner core the distance CD is smaller than AB and the residual is negative, resulting in a hemispheric asymmetry. Hence, the asymmetry of the residuals of the differential travel time can be explained by the variation of the PKIKP dec ray paths in the decentered inner core without modifying the seismic velocities.
In order to obtain the geographical distribution of the ATIC residuals plotted in Fig. 3 we compute them for earthquakes evenly distributed on the Earth's surface and seismic rays uniformly distributed around the focus. More precisely, we specify the position of the inner core by fixing the angles λ C and φ C and the distance between the center of the inner core and the center of the Earth to d = 100 km. The angles γ E , δ E , and α are then varied by steps of 10
• . For given values of δ E and α, we construct the seismic ray with turning point at the depth of 39 km and we calculate the corresponding residual. Because of the cylindrical symmetry the shape of the seismic ray does not depend on γ E . For each seismic ray we determine the geographical coordinates of the turning point H (H C in Fig. 7 is its double projection).
